Construction in urban zones compacts the soil, which hinders root growth and infiltration and may increase erosion and degrade water quality. The purpose of our study was to determine whether planting prairie grasses and adding compost to urban soils should partially mitigate these concerns. We simulated construction activities by removing the topsoil, and compacting the soil by repeatedly driving over it with a tractor. Additionally, treatments included three compost application methods (compost and aeration, rototill and compost, surface compost). Plots were subjected to simulated rainfall applied using overhead sprinklers at a rate of 65 or 72 mm•h ) compared to plots planted with bluegrass (Poa pratensis L.). A 5 to 7.5 cm thick compost blanket reduced time to runoff (60 min) compared to no compost addition (9 min). Topsoil addition without compost did not develop dark surface soil. Compost additions are recommended to reduce negative effects of urban compaction. Over time, the depth of compost additions decreased, necessitating further additions.
ture, the most critical factor affecting runoff is management [9] .
Various management practices have been developed to restore urban soil quality [10] . For example, Singer et al. [11] noted that using an aerator combined with surface compost additions improved infiltration and plant growth. Olson et al. [12] observed that compost additions to compacted soil decreased bulk density and increased infiltration. Likewise, Faucette et al. [7] observed significantly reductions in runoff, sediment, and nitrate loss when compost was applied to urban soils.
The rate of compost addition should be high enough to aid plant growth, but not so great that excess nutrients are lost in runoff or leachate [13] [14] [15] . Johnson et al. [16] did not observe any significant increases in total phosphorus or nitrate loss for compost additions up to 99 m 3 •Ha −1 (~1 cm thick) on bluegrass.
Likewise Loper et al. [17] did not observe significant increases in nitrate leaching after additions of composted dairy manure (~0.5 cm thick) to turf; however, the compost increased nitrate leaching under ornamentals. In addition to compost, native prairie grasses [18] and forbs [11] have greater rooting depth than normal lawn mixtures. Therefore, our hypothesis was that compost addition, with or without short prairie grasses, would improve soil and environmental quality in urban soils. The purpose of this study was to determine if compost, aeration, and/or prairie grasses should remediate a simulated urban construction site by reducing compaction and improving soil and water quality.
Materials and Methods

Site Setup
We tested our hypothesis by conducting two experiments. In Experiment 1, we compared soil physical properties and runoff under simulated rainfall of compacted plots planted with typical lawn species to plots with added compost and planted with prairie grasses. In Experiment 2, we compared three compost application methods on compacted urban soils. On 8 July 2011, the original plots ( Figure 1 ) were subdivided and half of each side was aerated first, and then top dressed with 1.27 cm of compost to replenish some of the original compost lost to decomposition or supply a small amount of compost to the control. The sites were periodically mowed, watered, and commercial fertilizer and weed killer were applied.
Experiment 1
Experiment 2
On 8 to 9 July 2011, new smaller plots Treatment 4 had 5 to 7.5 cm of compost blanket spread on it. All treatments were hydromulched with a bluegrass mixture. The sites were periodically mowed, watered, and commercial fertilizer and weed killer were applied. For some years, grass seed was sprinkled in bare spots.
Rainfall Simulations
In August 2009, approximately 15 months after the topsoil and compost addition and planting of the original Experiment 1 plots, a rainfall simulator similar to that described by Byars et al. [19] was used to evaluate infiltration, runoff, and soil erosion in 1.22 × 2.44 m plots (one plot for each of the two treatments). The rainfall intensity was 72 mm·h −1 , which was applied from eight Rain Bird 8-VAN (Rain Bird, Corp., Azusa, CA) 1 nozzles that were located along the perimeter of the rainfall simulator at 2.43-m above the ground. The plots were constructed using steel borders that were inserted 6-cm deep along the sides and up-slope end.
Runoff was collected at the down-slope end, where a V-shaped collector was placed above a collection trough. The V-shaped collector was inserted carefully to a depth that was level with the surface of the plot. Gaps present along this border were packed with soil excavated during the installation. Runoff from outside the plot was directed to two additional troughs located on each side of the center trough and was discarded. The runoff was measured every minute, and steady state conditions were assumed to have been established when runoff rates were constant for four consecutive minutes. Then runoff was collected every five minutes using a 30 s subsample. If the container became full before 30 s, the exact amount of time required to fill the container was recorded. Soil cores measuring 1.9-cm diameter × 30-cm length were collected to determine antecedent and post-rainfall soil water content for each plot. The soil cores for antecedent water content were taken adjacent to each plot, and for the post-rainfall soil were taken within each plot. This rainfall simulation was conducted on the lower west end of the plots where there was fill material that was darker than that on the lawn area than the compost/prairie grass area.
A follow-up rainfall simulation study was conducted 17-20 September 2012 on the upper east end of the plots. As described above, the Experiment 1 plots were subdivided with half receiving 1.27 cm of compost and aerated July 2011. The rainfall simulations were conducted on 1.5 m by 3 m plots, using the procedures and simulator described by Kovar et al. [20] . The plots were oriented to allow water to flow down to metal sheet plates at the bottom edge. The simulator delivered rain at 65 mm·h −1 determined from calibration. Time to runoff was recorded. Runoff samples were collected at 2.5, 7.5, 12.5, 17.5, 22.5, and 27.5 min after a steady-stream of runoff was established. Total runoff from each plot was weighed to determine the amount.
Sub-samples of runoff were filtered in the field through 0.45 μm cellulose acetate filter for ortho-P analysis. The rest of the runoff sample was mixed and subsampled for nitrate-N, total P, and sediment content. Measured concentrations were corrected by subtracting concentrations in the water used for the rainfall simulation. Nitrate plus nitrite nitrogen was measured with a Lachet Autoanalyzer using a Cd reduction [21] [22] . Total phosphorus was determined using flow injection analysis [23] [24] after acid-persulfate digestion. Runoff subsamples were dried at 105˚C to determine sediment loss.
The rainfall simulator was too large to rain on individual Experiment 2 plots; therefore, the simulator was positioned so that two smaller (1.5 m × 1.5 m) sideby-side plots could be rained on simultaneously, one nozzle per plot ( Figure 2 and Figure 3 ). Metal sheeting in a V-shape was used to collect runoff at the bottom edge. Runoff samples were collected as for the large plots, but samples were not saved for nutrient analysis.
Soil Water, Bulk Density, Morphology
Six undisturbed soil cores (7.4 cm diameter, 7.6 cm long) were collected to determine bulk density before soil disturbance related to construction of the Experimental 1 plots. Additional cores were taken in fall 2008 after disturbance and treatments had been imposed. For each treatment, five surface and subsurface cores Figure 3 . Rainfall simulation on side-by-side small plots in 2012. Note the tarp was used to block the wind and increase uniformity of simulated rainfall on the plots. Four small rain gages in each plot were used to assess the rainfall distribution.
were taken. The top of the subsurface depths were immediately beneath the surface-applied soil or compost.
Soil water content was monitored by measuring the real permittivity using a hydra probe (Stevens Vitel, Inc., Cantilly, VA) in all three studies. In May 2015, undisturbed soil core samples were collected in plastic tubes ~5 cm diameter. These were used to determine the remaining depth of the surfaceapplied treatments as indicated by soil color with value/chroma of 3/2 or darker.
Statistics
The large plots of Experiment 1 were not replicated; however, for the rainfall simulation study (after subdividing the plots), we treated the two measurements (original and zones with additional compost and aeration within the plot) as rep- . These results indicated that the compaction treatment was successful in increasing bulk density. Similarly, Gregory et al. (2006) showed urban compaction significantly increased bulk density. When topsoil was replaced, the bulk density was slightly higher than before compaction. Adding compost lowered the bulk density of surface soil compared to the original condition.
In 2011 (three years after the initial treatments), the surface bulk densities were 1.30 g·cm −3 and 1.17 g·cm −3 for the bluegrass lawn and for the prairie-grass compost large plots. These results suggest that reduction in bulk density due to compost addition can persist for at least 3 yrs. Subsoil bulk densities were 1.62 g·cm −3 and 1.48 g·cm −3 for the bluegrass lawn and for the prairie-grass compost large plots. For the compost treated plot planted with prairie grasses, this indicated a reduction in subsoil bulk density relative to the topsoil alone treatment and the initial post-compaction subsoil bulk density. Over time these deep-rooted grasses reduced traffic-induced subsoil compaction. Johnson et al. [16] observed topdressing compost onto turf resulted in significantly lower bulk density.
First Rainfall Simulation Experiment 1
The rainfall simulator study of 2009 (15 months 
Second Rainfall Simulation
When the second rainfall simulations were conducted in 2012, the grasses were well-established and the main plots had been subdivided (half of each receiving compost and aeration, Figure 2 ). When the two halves were treated as replicates (Table 1) , the prairie-grass compost area compared with the bluegrass mix had significantly faster infiltration rate, slower runoff acceleration rate, less sediment loss, and reduce ortho-P and total P minus ortho-P loads. This rainfall simulator study was conducted on the east section of the plots where there was less treatment difference for depth of surface dark fill material. For both treatments, nitrate levels were at or below the concentrations in the supply water and are not reported.
Others show that urban compaction significantly reduces infiltration rates (i.e.
[3]). Time to runoff for grass generally ranges from 2 to 15 min [26] [27]. Sediment loss from grass can range from 10 to 180 kg·ha −1 over 35 min [26] , or from 0.1 to 104 kg·ha −1 per event of 12 to 30 min duration [28] . In our study, the soil was initially-dry and slopes were less-steep than for studies in the literature; therefore, we showed increased time to runoff compared with literature studies. Faucette et al. [7] observed that runoff and sediment loss from construction areas were reduced 3 months after applying poultry manure with other amendments.
Our P losses in runoff were at the low end for grassland, probably due to the small slopes in this study. Previous studies of P loss in runoff from grassland showed soluble P concentration ranging from 0.1 to 2.3 mg·L −1 [27] , and soluble P load ranging from 0.3 to 2.1 kg·ha −1 [29] . Total P concentrations in runoff can range from 0.3 to 7.1 mg·L −1 [27] , and total P loads can range from 0.4 to 2.5 kg·ha −1 [29] .
Soil Water Range of Difference
The compost treatment held water more readily than the lawn treatment without Water increase (m·m Other researchers have investigated the effect of compost additions on soil water. Johnson et al. [16] did not observe any effect of topdressing compost onto turf on soil water content. In contrast, Singer et al. [11] showed that compost increased soil water content at an urban site only soon after rain events, and soil water content was increased more when the compost was incorporated than for surface applications. Too much water can result in aeration problems on compacted soil [4] .
Treatment Depth
Samples taken in 2015 (Table 2) showed that some of the original applied compost or topsoil (indicated by dark soil) was no longer visible, having been lost to settling and oxidation. When 1.3 cm of compost was added in 2011, the treatment depth effect was even greater at 5 cm. The compost with prairie grasses still showed 6 cm of treatment depth, but only 6.5 cm when 1.3 cm compost was added in 2011. Olson et al. [12] suggested that if compost plus tillage increased root growth, the roots themselves could provide continual soil structure improvement even as the compost degrades over time.
Experiment 2 3.2.1. Rainfall Simulation
The small plots showed the compost blanket treatment significantly increased the time to runoff compared with the no compost treatment, but there were no significant difference among treatments noted for the other runoff parameters measured ( Table 3) . As noted for Experiment 1, our runoff time was longer and sediment loss was lower than observed in other studies [26] [27] probably due to small slopes in our study.
Soil Properties
Surface bulk density was significantly greater for the no compost treatment that for compost with aeration or compost with tillage ( Table 2 ). The new control that only had topsoil added showed no dark soil left in 2015 (Table 3 ). The treatment with compost that had been rototilled showed dark soil over 8 cm deep. None of these differences were significant, but the treatments that received compost tended to have higher differences in soil water content over the year. The higher difference in soil water content suggested a trend toward greater water holding capacity where the compost was added.
Soil Water Annual Range of Difference
Conclusions and Recommendations
Compost reduced bulk density in the surface soil. Compost with prairie grasses More than minimal compost additions showed some improved soil quality of post-construction soils. Although establishment was slow, the prairie grasses eventually resulted in a dense sod that reduced runoff, and erosion, and surface P loss.
Over time, the compost was decomposed, so periodic refreshment of a compost blanket would be recommended.
